A small 3-D probe system was developed based on sensing the bending of elastic hinges carrying the probe stylus. The stylus platform and elastic hinges are etched in silicon. On the elastic hinges, piezoresistive straingages are integrated, including the necessary wiring. The 3-D measurement range is about one hundred micrometres in each direction and the repeatability is at the nanometre level. Several prototypes of these MEMS-type probe were realised in IC-technology successfully. Calibrations with a displacement generator based on laser interferometry reveal typical repeatabilities in the nanometre level and a 3-D uncertainty of the order of 25 nm.
INTRODUCTION
In today's co-ordinate measurement technology there is an obvious trend to the measurement of smaller sizes, typically of the order of millimetres. At the same time, the requirements for the uncertainties increase, uncertainties being required now down to the nanometre level. In coordinate metrology, the probe system is a major factor which limits the accuracy level that can be achieved. For achieving the lowest uncertainty, a measuring probe must be used, with an own co-ordinate measuring system in 3 dimensions. The traditional approach is to use three stacked guides, but such a system in general cannot achieve the highest accuracy and has a relative high mass, so that workpieces are easily damaged as was shown by van Vliet [1] . In this paper we give a short overview of principles which could be used when designing probes with nanometre resolution and a 3 -D uncertainty of the same order of magnitude. In more detail we will describe the design, manufacturing and testing of a probe based on elastic elements with integrated strain gages, the calibration strategy and derive conclusions about the resolution and the 3-D uncertainty of this probe design.
DESIGN-CONCEPTS OF NANOMETRE PROBING SYSTEMS
In this section we will shortly discuss some general ideas and principles on which nanometre probing systems can be based. Basically, one type of suspension is used, based on slender rods. This type of suspension is used in earlier probe designs of van Vliet [1] , Pril [2] and Peggs [3] . A slender rod is here defined as a rod-shaped elastic element which fixes one degree of freedom. The probe is connected to an intermediate body which is suspended to the probe housing by three slender rods tangentially touching the intermediate body. This suspension has an equal stiffness for all horizontal probing directions. Because of symmetry, the thermal centre is at the z-axis.
Disadvantages are that due to parasitic translations in the length direction of the rods when they are translated out of the xy-plane, the probe will rotate around the z-axis when moved in vertical direction. Additionally, when the tip is not on the z-axis, it will move over a small predictable distance in x-or y-direction when moved in the z-direction. This suspension is depicted in figure 1 . The bending of the three thin elastic elements accomplish that the probe has three degrees of freedom : a translation in the z-direction and two rotations around the x-and y-axis. The bending can be measured by strain gages, but first two alternative probe designs are introduced below.
Capacitive probe
The high resolution of capacitive sensors can be exploited in a probe design. Some problems may be caused by the non-linearity (with distance) of the probes and a limited amount of overtravel when the probes must be positioned at a small distance from the moving parts.
This design is based on t he measurement of the differential capacitance between the lower-and the upper side. By dividing the areas into four quadrants, two rotations and one displacement can be measured. This is sketched in figure 2 below. A detailed design of such a system is described by Lu [4] , who calculated in his design a lower limit on the measurement uncertainty of 1.6 nm in the z-direction and 5.3 nm in the x-and y direction. A comparable design of this type, with an absolute instead of a differential set-up, was developed by Peggs [3] in cooperation with the authors of this paper, and achieves uncertainties of about 16 nm per axis.
Optical position sensing
Van Vliet [1] developed a probe system, designed to be both fast and accurate, based on an optical triangulation measurement. Three diode lasers provide three light beams which are reflected by mirrors, connected to the probe, on three PSD's, which each give 2 co-ordinates. From this, the 6 degrees of freedom are derived from which the probe position is calculated. Due to non-linearities in the PSD sensors the uncertainties are limited to about 0,5 µm. The accuracy in this design can be improved by using a single laser and by using quadrant photo detectors. The beam of the light-source is split into four beams by phase-gratings. The four beams are reflected by a pyramid-shaped mirror which is on top of the probe shaft. The design of this system, which is under development now, is depicted in figure 3. 
Deformation sensing by strain gages
Another possibility to measure the probe ball position is via the deformation of the elastic suspension. This means that little room is needed for any measurement system, so miniaturising this system is well possible. A sketch of this principle is already given in figure 1 . The design and realisation of this system is described in detail in the next section.
PROBE BASED ON ELASTIC ELEMENTS WITH INTEGRATED STRAIN GAGES

Concept design principles
Mechanics
The probe is designed according to the basic suspension depicted in figure 1. It i s miniaturised to reduce the measuring force when a probe tip diameter of 0.3 mm is used, and to enable a probing speed of 1 mm s -1 without damaging a workpiece. The stylus length must be at least 4 mm. To enable the integration of sensors, the suspension is made out of silicon; on which aluminium frame bars and the stylus are glued. Sensors Poly-crystalline silicon strain gauges were used, as these hardly add any mass or size to the system. Usually strain gauges are connected to the stressed surface by gluing. Due to this hysteresis may arise which results in uncertainty. By using several evaporation, lithography and etching steps the slender rods, the strain gauges, and their electrical connections can be manufactured in one set-up, and hysteresis is virtually eliminated. This technology in to the field of IC-and Micro System Technology (MST) enables the integrated fabrication of mechanics, sensors and electronics on a micrometre scale. As a spin-off of integrated circuit technology, silicon is used as a substrate. Calculations [5] showed that the strain gages are best placed close to the two ends of the slender rods. The readout is done by means of Wheatstone-bridges, one bridge per beam, as depicted in figure 4 . With this wiring-scheme the temperature-dependent resistance of the strain gages is almost eliminated.
Predicted mechanical and electrical behaviour
The calculated stiffness is 800 N/m for the z-direction, and 160 N/m in any direction in the xy-plane. The calculated overtravel range is 0.5 mm (worst case). The natural frequency is 590 Hz in z-direction and 1060 Hz in any horizontal direction. The sensitivity of the probe system depends on the probing direction. It is highest in z-direction, and lowest in a close to horizontal direction. Assuming that a relative change of the strain gauge resistors of 10 -6 can still be detected, a resolution of 1.2 nm is possible. 
Probe manufacturing steps
Manufacture of chip containing wiring, slender rods and sensors
Chips are manufactured in the usual way on 3" silicon wafers. The chips are realised in successive steps of illumination, etching and adding insulation layers by CVD. The chip size is 14 x 14 mm. The basic structure, after being cut from the wafer, is shown in figure 5 and in some detail in figure 6 .
Mechanical parts
The ball and the stylus are mounted on an aluminium tripod. The tripod and the stylus are very stiff compared to the slender rods. The stylus length is 8 mm.
Gluing
The chips are mounted (glued) in an aluminium housing (see figure 5 ) and the tripod with the stylus and the ball are mounted on the chip by gluing. Finally a flex cable is mounted to the chip wiring and i t is connected to the aluminium housing.
Electronic testing of wiring and sensors
The wiring and the sensors on the chip are tested before and after mounting the stylus with the tripod and the flex cable. The real probe system is depicted in Figure 5 . 
Calibration strategy
In order to calibrate a probe in 3 dimensions, ideally a reference system which is able to position a probe in 3 dimension w ith nanometre-accuracy is needed. While such a system was not available we used the alternative of doing 1-D calibrations against a 1D nano-actuator. A 1D calibration set-up can be used if the probe system is positioned on the calibrator at several different orientations. The 1D actuator consists of a platform to which the probe system to be calibrated is be attached, and a moving surface actuating the probe, mostly in the centre of the platform. The displacement of the moving surface relative to the platform is determined by an accurate measurement system. Comparable devices have been designed by Wetzels [6] and Haitjema [7, 8] . A 1-D calibration set-up can be used along a line in the x-, y-and z-directions. From that we derive what the combined uncertainty in any direction should be.
Measurement set-up principle
A HP 5528 laser interferometer system is used as measuring instrument offering a low uncertainty, rather direct traceability and high resolution. A differential flatmirror design is used in which dead-path effects are almost completely eliminated. The optical scheme is depicted in figure 7 . In the figure, S i is a polarising beam splitter, S cc is a corner cube and the other mirrors denoted by S are flat mirrors. The assembly S b1 with S i may be the same as the socalled angular interferometer. An additional requirement for this set-up is that the outcoming wavefronts are parallel far within a wavelength ; for this an angular optics interferometer had to be selected. The probe rests on mirror S m which can move upwards in a parallel way over 30 µm relative to the reference mirror S r . Over this range the mirror moves parallel within 0,2 arc seconds. The drift of this system was measured by measuring a flat mirror at the position of S r and S m . The result was a drift of the order of 1 nm over 24 hours. The non-linearities due to frequency mixing were checked by measuring a inductive probe over a small range. The result is shown in figure 8 . 
RESULTS OF PROBE CAL IBRATION
The AC impedance of the strain gauge resistors has been tested as a function of the frequency of the applied voltage. This revealed a resistive behaviour up to about 40 kHz. The probe displacement was calibrated with the instrument described in section 4.2. We give two examples here: t he calibration in the zdirection and a calibration in a direction in the x-y plane. The result of the calibration in the z-direction is depicted in figure 9 . The figure shows that the output of the bridge is very linear with the displacement; the residuals being in the 10 nm range. Also hysteresis is virtually absent due to the integration of the strain gauges. A similar figure giving the linearity deviations for a displacement along a line in the x-y plane is given in figure  10 . Here we observe residuals of the order of 30 nm at maximum. Although some interdependence in the 3 directions still has to be figured out, it is evident that we have achieved a unique probe with unprecedented low uncertainties. 
